Experimental dental resins composed of triethyleneglycol dimethacrylate, urethane dimethacrylate, ethoxylated bisphenol-A-dimethacrylate and bisphenol A glycidyl methacrylate containing an organoclay as filler were prepared by photopolymerization. The addition of organoclay fillers results in slower polymerization rates (0.59 and 0.24 mol L -1 min -1 , for the formulations without and with 15% of organoclay, respectively) and lower degrees of conversion (0.50 and 0.35 for the formulations without and with 15% of organoclay), as determined by photocalorimetry. The influence of the organoclay on the thermal and mechanical properties of the resins was evaluated using thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA) techniques. The (tan δ) and E´ curves indicate the formation of more rigid materials and the damping curve data indicates more homogeneous materials. An increase of storage modulus, E', was observed for composites with the higher organoclay filler contents. These effects are due to the higher viscosity of the systems with organoclay, resulting in a lower mobility of the radicals during the propagation step of polymerization, as well as to the scattering of the incident photopolymerizing radiation, which lowers the amount of initiation centres.
Introduction
Polymeric composites containing inorganic fillers cured by visible light are commonly used as filling materials in dental restorations. Usually the composition of these materials contains 75 -85% (w/w) of inorganic material and 15-25% of a polymeric matrix based on dimethacrylate monomers. 1 The shrinkage of the polymeric material, 1,2 which occurs during the polymerization process, may result in a loss of resistance and formation of creases. Degradation of the organic matrix is enhanced at these sites, as well as undesired sorption of oral fluids. The inorganic fillers, silica or quartz, are added to improve the mechanical properties of the restoration. Strength, hardness, thermal expansion coefficient, wear resistance, sorption processes and polymerization shrinkage are all dependent on the filling and the coupling agents. 3, 4 The use of nanoclays as matrixes in dental resins is based on the exfoliation of clays promoting the clay-polymer interactions at the nanoscale dimensions. 5 Nanofilled dental resins containing from 1 to 100 nm-size particles have been developed in the search for materials with low polymerization shrinkage, and better mechanical, optical and polishing characteristics. The size of the particles and their composition determine the classification of the dental composite resins as microfilled, nanofilled and nanohybrid, each one of them characterizing particular physical, mechanical and aesthetic properties. 6, 7 Small amounts of nanoclays have been shown to improve mechanical, thermal and barrier properties due to the larger interface area promoted by the nanoparticles of the suspended filler. [8] [9] [10] Organoclays, that are clays where the Na + counterions were exchanged by a cationic detergent, were used in this work. Their surfactant character allows a better interaction with the monomers than non modified clays. Therefore, these new type of fillers might present better properties for their use in dental materials. The effect of different loadings of organoclays derived from montmorillonite clays on the mechanical properties, as well as on the photopolymerization kinetics of an experimental dental resin were evaluated using thermoanalytical and mechanical techniques. These studies may contribute to develop new fillers for dental materials.
Effect of the loading of organomodified clays on the thermal
and mechanical properties of a model dental resin 
Materials and methods

Materials
The montmorillonite clay (SWy-1/Na + ) used in the experiments was obtained from the Source Clays Repository of the Clay Minerals Society, University of Missouri, Columbia, MI. The monomers used were triethyleneglycol dimethacrylate (TEGDMA), urethane dimethacrylate (UDMA), ethoxylated bisphenol-A-dimethacrylate (Bis-EMA, M n 1700) and bisphenol A glycidyl methacrylate (Bis-GMA). Camphorquinone (CQ) and ethyl 4-dimethylaminobenzoate (EDB) were use as photoinitiator and co-initiator, respectively. All the monomers, CQ and EDB were from Aldrich Chemical Co., Milwaukee, WI. Hexyltrimethylammonium bromide (C16, Sigma) was used as modifying agent in the preparation of the organoclay.
Procedure for obtaining the organoclay
The SWy-1 clay was purified and converted to the organoclay in order to increase its hydrophobic character and better interact with the monomers. The procedure involved cation exchange between the sodium counterion of the SWy-1/Na + and the C16 cationic detergent, according to a previously described methodology. 9 The incorporation of the C16 chain was confirmed by XRD measurements that show that the interlamellar spacing of the clay changes from 12.0 Å for the pure clay before cation exchange to around 17 Å for the organoclays (see the corresponding Figure in the Supplementary Material).
Preparation of the specimens
A model dental resin was prepared by mixing 4 monomers, in the same proportion as the formulation of the commercial light-curing resin Filtek Z250 (3M ESPE, St. Paul, MN, USA), i.e., TEGDMA 7%, UDMA, 29%, Bis-EMA, 29%, Bis-GMA, 34% w/w. Different amounts of organoclay were added to the mixture: 0, 0.5, 2.0, 5.0, 7.5, 10.0, and 15%. Finally, CQ and EDB (0.5% w/w of each) were added to prompt the photopolymerization. The monomers, along with the photoinitiation system and the organoclay, were homogenized in a vacuum mixer (Vacumixer, Polidental). The samples were stored in opaque recipients at 4 °C.
The samples were placed in Teflon moulds (35.0 × 5.0 × 1.0 mm) and cured for 90 seconds, using a 600 mW.cm -2 power LED lamp (UltraBlue IS, DMC Instr.) with emission cantered at a 470 nm (blue light) placed at 3 mm. The cured specimens were removed from the moulds and submitted to mechanical and thermal analyses.
Dynamic Mechanical Analysis -DMA
The mechanical properties of the samples were determined (DMA, Q800, TA Instruments, New Castle, DE, USA) in the temperature range of -50 ºC to 165 ºC, at a heating rate of 3 ºC/min. The effect of chewing was simulated by using a frequency of 1 Hz. Liquid nitrogen was used to cool the sample and create an inert atmosphere for analysis. Storage moduli (E') and loss tangents (tan δ, the rate between the storage and loss moduli) were obtained as a function of temperature. Glass transition temperatures (T g ) were determined from the maximum of the loss tangent versus temperature curves.
Thermogravimetry (TGA)
Samples of about 6 mg were put in an open alumina pan and analyzed on a Simultaneous Thermogravimetric Analyser (SDT-Q600, TA Instruments, New Castle, DE, USA), with an alumina clamp holding the sample in an air atmosphere at a flowing rate of 100 mL/min. The temperature was varied between 20 and 1000 °C at a heating rate of 10 °C/min.
Photocalorimetry (PCA)
The photopolymerization process was determined by photo-DSC, using a differential scanning calorimeter in photocalorimetric mode (Photo-DSC Q-2000, TA Instruments, New Castle, DE, USA), using an accessory with a mercury vapour lamp as irradiation source (OnmiCure Series 2000). For kinetic and conversion analyses, 40 mg of the monomer mixture with different organoclay loadings were put on an alumina pan under N 2 atmosphere at a flowing rate of 50 mL/min. The light source used had an irradiation power of 100 mW cm -2 . The temperature was kept constant at 36.5 °C using a TA RCS refrigeration system.
The degree of conversion (C%) was determined using Equation 1:
where ΔH t is the reaction heat evolved at time t and ∆H theor 0 is the theoretical heat for the total conversion of the monomers present in the sample. In this work, the theoretical enthalpy for the conversion of double bonds was assumed to be 60 kJ mol -1 , similar to that reported previously, 10,11 thus, for bifunctional monomers the enthalpy for the system should be 120 kJ mol -1 . Polymerization rates (R p ) were calculated according to Equation 2 assuming that they are proportional to the heat flow (dH/dt) Fig. 1 shows the (tan δ) vs. temperature curves for the composites containing different clay loadings. The presence of various peaks and their widths are parameters that can be used to evaluate the heterogeneity of the polymer due to the mixture of regions with different crosslinking degrees. Two broad peaks can be observed around 45 and 105 °C, which suggest a heterogeneous polymeric network. 13, 14 However, it can be seen that for the higher clay loadings (over 5%), the lower temperature peak tends to disappear, indicating that the heterogeneity of the resin is being reduced. Thus, the presence of the clay seems to turn the resins more homogeneous favouring the formation of crosslinked domains, and lowering the mobility of the polymeric chains.
Results and Discussion
Dynamical mechanical analysis (DMA)
It is worthwhile to note that, whereas the peak at 45°C decreases, the second peak practically does not change its intensity. This peak is associated to the glass transition temperature of the resin, T g . Its value is 106 °C for the resin without clay. When clay is added the values decrease slightly, to around 102 °C, returning to practically 106 °C at the higher clay loading used (15%). Fig. 2 shows the temperature dependence of the storage modulus (E') for the composites. Results shown in the inset suggest that at low temperatures E' decreases with the clay content whereas at room temperature and above (> 25 °C) the tendency is opposite, as also suggested by the (tan δ) behaviour. This means that the presence of the organoclay leads to more rigid composites and that the organoclay filler limits the mobility of the polymeric chains at the clay-polymer interface, promoting higher resistance of the material against deformation. 14, 15 This is a desirable condition for dental composites, that should have intermediate properties for hardness and deforming capacity, approaching the behaviour of the material to the prediction of the Hooke's Law. 15 
Thermogravimetry (TGA)
Figs. 3A and 3B show the TGA and DTG curves for the dental composites. It can be seen in Fig. 3B that the thermal degradation occurs in three steps. The first one between 300 and 380 °C, the second from 380 to 460 °C, and a final step from 470 to 610 °C. For all samples (with and without added organoclay) there is an initial small mass loss of nearly 1% between 100 and 250 °C that may be assigned to the loss of water and unpolymerized monomers.
The thermal degradation of other methacrylate polymers, such as poly(methyl methacrylate), PMMA, also involves three main steps: 16, 17 a) decomposition initiated at weak bonds formed during the head-to-head termination reactions of the polymerization process; Although the organoclay shows a decomposition with peaks around 330 and 600 °C, 20 its amount is negligible compared with the decomposition of the polymer. The residue remaining after heating over 600 °C corresponds basically to the inorganic leftover of the clay, and is proportional to amount of organoclay in the resins.
It can be noticed from the inset in Fig. 3 that for the thermal degradation of the polymers with low clay content the peak in the region of 400 °C appears is split into two components at ~410 and 420 °C, suggesting that the polymerization process is not completely homogeneous. At higher clay concentrations, only one peak remains, indicating that the presence of the clay might avoid the formation of the low energy bonds during the polymerization process. Clays seem to be favouring the homogenization of the systems acting like a thermal stabilizer. For all compositions, a fourth degradation step is observed between 530 and 560 °C, attributed to main polymer chain scissions. 
Photocalorimetry (PCA)
Figures 4 and 5 and Table 1 show the polymerization rates and degrees of conversion of the monomers, respectively. It can be seen that the increase of the organoclay loading promotes the decrease of the polymerization rates, as well as lower conversions.
The presence of the organoclay particles with C16 attached chains will form micelle like microheterogeneous domains in which monomers may disperse before polymerization. This leads to the formation of smaller clay/polymer nanoparticles, conferring a more homogenous and crosslinked final polymerized resin. 10 Achilias et al,. studied the thermal decomposition of resins with no clay containing only TEGDMA, Bis-EMA, Bis-GMA, and UDMA. 21 Based on these studies it was proposed that photoinitiated reactions by free radicals start at multiple sites during irradiation, thus resulting in non-homogeneous polymerization. In these initiation sites, microgel areas are formed in which residual monomers and highly crosslinked polymer areas coexist. 22 As shown in Figs. 4 and 5, the presence of organoclay fillers causes slower polymerization rates and lower degrees of conversion. These effects are similar to those observed for the photopolymerization of UDMA/TEGDMA dental resins in the presence of silanized silica fillers. 23 Due to the brightness of the clays, an additional factor that should be considered to explain the lower polymerization rates is that part of the incident light will be scattered by the filler. 
Conclusions
The use of organoclays as fillers in dental resin composites was tested, and from the results obtained, it seems to be a potential component for improving the properties of these materials. On one side, their inclusion results in slower polymerization rates, which will render more homogeneous fillings, preventing cracks and post restoration pains. TGA and DTG experiments indicate that the polymers obtained from samples with no organoclay addition are non-homogeneous: the (tan δ) plot shows two peaks, whereas the addition of 5-15% decreases significantly the lower temperature peak.
An increase of E' at higher temperatures was observed in composites containing higher organoclay content, indicating a reinforcement of those composites. The presence of organoclays can limit the mobility of the polymeric chains at the clay-polymer interface indicating higher resistance of the material against deformation, as suggested by the DMA results.
These effects may be due to the increase of the viscosity when the organoclay content is added, promoting lower mobility of radicals during the propagation step of polymerization.
Further studies, mainly form a clinical point of view, will be necessary to ascertain the real conditions under which these new fillers could be used. 
